Discrete dissolved and particulate proteins in oceanic waters
Abstract-Dissolved and particulate proteins were extracted from samples of surface seawater collected from the equatorial area, through the Indian Ocean, to the Antarctic Ocean. Dissolved proteins were also observed in waters of the equatorial Pacific. Dissolved and particulate proteins with a wide range of molecular masses were detected by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The particulate proteins were made up of many background proteins of overlapping molecular weight, which caused uniform staining in the gel. However, distinct bands of individual proteins with apparent molecular masses of -66 and 45 kDa were evident among the background proteins. Electrophoretograms of dissolved proteins were quite different from those of the particulate proteins. The dissolved background proteins were not significant, and fewer than 30 proteins were clearly visualized as major dissolved proteins. Dissolved proteins with apparent molecular masses of 48 and 37 kDa were commonly found as major proteins in all samples examined. Such molecular characteristics of dissolved and particulate proteins are consistent with previous results from the North Pacific. Thus, it appears that the processes by which specific proteins from marine organisms are transferred to and accumulated in the pools of dissolved and particulate organic matter are identical throughout the world's oceans.
Dissolved organic matter (DOM) is one of the largest but most poorly characterized active reservoirs of organic matter on the planet (e.g. Williams and Druffel 1988; Hedges 1992) . Although most DOM is marine in origin (e.g. Lee and Wakeham 1989) , its sources and sinks are not well understood. Tanoue (1995) extracted dissolved proteins from seawater and found that a limited number of protein species accounted for most of the dissolved proteins and that proteins contributed quantitatively to the dissolved organic N throughout the water column. Tanoue (199 1, 1992 Tanoue (199 1, , 1996 demonstrated that particulate proteins in surface water were made up a large number of proteins-each present at a relatively low level resembling "background" proteins-while specific proteins with a limited range of molecular masses superimposed on the background proteins were also found in surface particulate organic matter (POM). Observations from the Pacific resulted in the hypothesis that selected proteins from specific sources survive and accumulate in dissolved and particulate phases by virtue of the nature of the proteins. To examine this hypothesis, we need to know that distributional characteristics of dissolved and particulate proteins from a wide range of oceanic areas.
The biological productivity of the Antarctic Ocean is moderate, but spatial and temporal variabilities seem to be significant (e.g. Berger 1989) . The Antarctic Ocean is characterized by a covering of pack-ice in winter and a low surface temperature in summer. On the other hand, the equatorial Pacific is the site of upwelling and, as a consequence, of highly productive areas (e.g. Betzer et al. 1984; Chavez and Barber 1987) ; the water temperature is also high. Because they differ from environments previously studied, the Antarctic and the equatorial Pacific Oceans are suitable regions in which to examine hypotheses about the occurrence of specific proteins.
Samples of seawater from the subarctic, subtropical, and equatorial Pacific were taken from various depths at four stations; A (45"10.3'N, 165"34.4'E), C (22"47.l'N, 158"04.6 Samples of surface water from the Antarctic Ocean were obtained by an underway pumping system from 20 November 1992 to 19 March 1993 during the cruise of the 34th Japan Antarctic Research Expedition (JARE 34). Seawater was pumped from below the ship (N 5 m below the surface) and introduced into a tank (capacity, 20 liters) with a continuous overflow. Seawater from the tank was continuously passed through a GF/F filter via a specially designed apparatus with a filtration area of 285 x 420 mm2 under a hydraulic pressure of -75 mm of Hg. The GF/F filtrate (5 liters) was collected from time to time, usually twice a day. The filtrate was kept frozen at -30°C onboard ship and at -20°C on land prior to analysis. Samples from JARE 34 were thawed ashore and 3-10 individual samples were pooled to yield one composite sample. Composite samples, ranging in volume from 17.4 to 60.4 liters, were subjected to extraction of dissolved proteins.
During the JARE 34 cruise, samples of POM in surface water were also collected continuously (usually twice a day) from the above-mentioned filtration unit. The samples of POM were kept frozen at -30°C on-board ship and lyophilized ashore as soon as possible. Lyophilized samples were stored in a freezer (-60°C) until analysis. The sampling locations are shown in Fig. 1 .
Descriptions of methodology as well as analyses of methods used for extraction and detection of dissolved proteins have been reported elsewhere (Tanoue 1995) and are described here only briefly. The procedure involves three separate steps: crude concentration of dissolved protein from seawater with tangential flow ultrafiltration systems (Minitan and Pelican; Millipore) and a filter with a nominal molecular mass cut-off of 10 kDa (the filter was low protein-binding regenerated cellulose; type, PLGC 000 05, Millipore); further concentration and purification of the dissolved protein in the crude concentrate by precipitation with trichloroacetic acid (TCA); and separation and detection of individual dissolved proteins by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
After addition of sodium dodecylsulfate (SDS; 0.0 l%, final concn) to the GF/F filtrate, the filtrate was concentrated with the Pelican system and then with the Minitan system. The concentrate was desalted with 35 mM ammonium bicarbonate buffer (pH 7.8) that contained 0.0 1% SDS. The desalted concentrate was dried in a Speed Vat concentrator (model SC2 1 OA, Savant). The dried sample was redissolved as the crude concentrate in a solution of 35 mM ammonium bicarbonate buffer plus 0.0 1% SDS. The volume of each crude concentrate was < 10 ml, and this material was stored frozen at -30°C until use.
A subsample (l-5 ml) of the crude concentrate was allowed to stand at 4°C for at least 12 h after addition of TCA to a final concentration of 5% (vol/vol). The solution was centrifuged at 14,000 x g, for 30 min at 4°C to remove TCA-soluble material. The TCA-insoluble fraction was subjected to sequential washing with TCA (5%), ethanol (1 OO%), and diethyl ether (100%) to remove the inorganic residue, excess SDS, nonproteinaceous DOM, and residual TCA. The final pellet after centrifugation was air-dried. The dried sample was redissolved in a sample buffer solution that consisted of Tris-HCl(62.5 mM, pH 6.8), SDS (2%, wt/vol), 2-mercaptoethanol(5%, vol/ vol), and glycerol (lo%, vol/vol) and then heated at 100°C for 3 min. It was then subjected to SDS-PAGE. To examine the effect of reduction of disulfide bonds, we redissolved some samples in a sample buffer with and without 2-mercaptoethanol and heating. In this case, reduced samples were heated at 100°C for 6 min. Heating times of 3 or 6 min did not affect the electrophoretogram (data not shown).
Procedures for analyzing particulate protein were reported previously (Tanoue 1991 (Tanoue , 1992 . Particulate protein was extracted with a sample buffer solution of TrisHCl (pH 6.8, 62.5 mM) and SDS (2%, wt/vol), 2-mercaptoethanol(5%, vol/vol) and then heated (1 OOOC) for 3 min. After cooling, in the case of particulate protein, urea (8 M, final concn) was added to facilitate solubilization of particulate protein. After centrifugation at 2,000 x g for 5 min at room temperature, the supernatant was adjusted to pH 6.8 and analyzed by SDS-PAGE. A sample for electrophoresis was subsampled and particulate proteins were concentrated by precipitation with TCA as described above.
Staining with Coomassie brilliant blue-R250 (CBB-R staining) and destaining of SDS gels were performed by the method of Laemmli (1970), as described previously (Tanoue 199 1, 1992) . The gels were ready-made, continuous-gradient gels (5-20%, PAGEL NPG-520 type; Atto). Silver staining was also performed according to the manufacturer's instructions use a silver-staining kit (2D-silver stain-II; Daiichi) that was based on the method of Oakley et al. (1980) . The followmg standard proteins (Sigma), whose molecular masses are given in parentheses, were used: bovine serum albumin (66 kDa), egg albumin (45 kDa); glyceraldehyde-3-phosphate dehydrogenase (36 kDa), trypsinogen (24 kDa), fi-lactoglobulin (18.4 kDa), and lysozyme (14.3 kDa). Because complete denaturation and reduction were accomplished by heating with SDS and 2.mercaptoethanol, any disulfide bonds or other noncovalent bonds, such as ionic and hydrogen bonds and apolar interactions, were eliminated. Thus, interactions among proteins and between protein and other macromolecules were eliminated.
Depth profiles of dissolved proteins at stations D', and D,, located in the South Equatorial Current, are shown in Figs. 2 and 3. The dissolved proteins had a wide range of molecular masses throughout the water. Proteins from 14 to 66 kDa were separated by electrophoresis; proteins were also present in fractions with molecular masses >66 kDa and < 14.3 kDa. At station D',. < 10 major bands were visible in the samples opthe surface water from depths of 5-75 m, but the staining of each band was less intense. Between depths of 99 and 299 m, the number of visualized bands increased and the gel was heavily stained. Below 499 m, the gel was less stained and the number of visualized bands also decreased. At station D,, the gel was less stained above 20 m and the number of visualized bands increased below 49 tn. The staining intensities of individual bands in the surface waters were relatively low compared with those in the intermediate water at station D,. A Chl a maximum at station D', was at 50 m (the bottom of the . Proteins on gels were visualized by the silver-staining method. Amounts of sample loaded on the gel were equivalent to 100 ml of the original seawater. Each marker protein was loaded at 25 and 50 ng in each left-hand and right-hand lane of each gel. mixed layer), and concentrations of Chl a decreased rapidly with depth, while the gel was heavily stained below 99 m as mentioned above. Thus, the levels of dissolved proteins did not correlate with those of Chl a.
Although the number of visualized bands was different between stations and between depths at each station, the electrophoretic patterns were similar in many ways. Proteins with apparent molecular masses of -63,48, 44,41, 37, 3 1, 26, 23, and 15 kDa were clearly visible at station D', (Fig. 2) . In particular, proteins with apparent molecular masses of 48 and 37 kDa were clearly visible as the major proteins throughout the water columns at both stations (Figs. 2 and 3 ). In the unresolved fraction, some bands with apparent molecular masses of > 66 kDa were also found. For example, bands with apparent molecular mass of -100 kDa were found at D', and D,. Because their electrophoretic mobilities were close and because each band was not differentiated, they were designated collectively as lOO-kDa protein. Protein with apparent molecular mass of -77 kDa (designated 77-kDa protein) was also found in the surface and intermediate waters at D',. Proteins with apparent molecular masses of < 14.3 kDa were also found throughout the water columns at both D', and D,.
Electrophoretograms of dissolved proteins in the surface water along the cruise track of JARE 34 are shown in Fig. 4 . Fewer than 30 bands were visualized in samples from cruise segments from 34-11 to 34-14, and the number of bands visualized was small in the case of samples from 34-1 to 34-10. The distribution of molecular mass of the dissolved proteins in Fig. 4 was quite similar, even though samples were collected from different regions (Fig.  1) . The major proteins did not seem to vary spatially. Bands of proteins with apparent molecular masses of 48, 37, and 15 kDa were commonly observed as the major bands in all the samples examined. The most striking feature was that the major proteins detected in surface water along the cruise track were quite similar to those observed in the depth profiles of the equatorial Pacific (Figs. 2 and 3) . The 48-and 37-kDa proteins were also detected as major proteins throughout the water columns at D', and D,. Other proteins detected at both stations (i.e. 100,26,23, and 15 kDa) were found in samples from 34-11 to 34-14 (Fig. 4) .
Chl a concentrations were low (<0.5 pg liter-') in regions north of -WS, where samples 34-l,-2,-ll,-13, and-14 were collected (Fig. 1) . Samples from 34-5 to 34-12 were collected in the Antarctic Ocean (areas south of -5 5"s) with high concentrations ofCh1 a, but these varied in a range from 0.1 to 5.2 pg liter-'. The gels for samples 34.13 and 34-14 were heavily stained, indicating that dissolved proteins were abundant in these samples; the gels of samples 34-6,-7,-S, and-10 were less heavily stained, indicating that only low concentrations of dissolved protein were present (Fig. 4) . Consistent with results from the equatorial Pacific, levels of dissolved proteins did not correlate to those of Chl a.
Application of SDS-PAGE to particulate proteins in the surface sample along the cruise track of JARE 34 is shown in Fig. 5 . Figure 5A and B show the electrophoretograms ofparticulate proteins that were prepared without any concentration step. The gel was less heavily stained in samples from F-1 to F-12 that correspond to equatorial to subtropical regions (Fig. 1) . The staining intensities increased in samples of F-15 to F-60 collected from the Southern Ocean (Fig. 5B) . Proteins with apparent molecular masses of -45 and 66 kDa were detected as faint but discrete bands. In the case of particulate proteins, a large amount of glass-fiber filter necessitates preparation of a relatively large volume of sample for electrophoresis, and the silver-staining method could not be used because of a high background. As a result, it was difficult for prepare a sample that was concentrated enough for observation of molecular distribution after SDS-PAGE. Particulate proteins in the same electrophoretic samples were concentrated by precipitation with TCA ( Fig. 5C  and D) . A large number of background proteins, each present at low levels overlapped with each other in the gel to give rise to uniform staining over a wide range of molecular masses; they yielded smeared electrophoretograms. Distinct bands of individual proteins were also found in the samples after precipitation with TCA. Bands of protein with apparent molecular masses of 66 and 45 kDa were clearly visible in samples collected from equatorial to subtropical regions (Fig. 5C ). They were superimposed on the smeared, background proteins and were unclear due to the high levels of background proteins in samples from the Southern Ocean (Fig. 5D ). Despite the fact that samples were collected from the same water from which the dissolved proteins were extracted (Fig. l) , electrophoretograms of particulate proteins were quite different from those of dissolved proteins (Fig. 4) . in the samples from surface and intermediate waters in the Pacific demonstrated that the 48-kDa proteins were identical and represented a single protein. The successful (without exception) N-terminal amino acid sequencing of 11 distinctive bands, including the 48-and 37-kDa proteins, demonstrated that bands visualized on the gel by staining with CBB-R represented true proteins (Tanoue et al. 1995) . The silver-staining method is more sensitive but less specific for protein than staining with CBB-R because silver also stains DNA and polysaccharides (e.g. Andrew 1986 ). The silver-staining method was extensively used to detect protein bands on gels in our study. Staining with CBB-R also allowed us to visualize the 48-, 37-, and 15-kDa proteins in samples from surface waters in the Southern Ocean, (Fig. 7) . These proteins were also major components of dissolved proteins after CBB-R staining at stations A and C (Fig. 6) . Electrophoretograms of some samples that were stained with CBB-R at stations D', and D, were also identical to those obtained by the silver-staining method (data not shown). Thus, the major bands we visualized on the gel by the silver-staining method represent true proteins.
To examine the influence of the precipitation with TCA, we compared electrophoretograms of the cultured marine bacterium, Marinomonas communis, with and without precipitation with TCA (Fig. 5E ). Bulk proteins of M.
communis were distributed over a wide range of molecular masses and gave smeared electrophoretograms. The molecular mass distributions and staining intensities of the two electrophoretograms did not differ. Differences were also not observed in electrophoretograms between particulate proteins with and without precipitation of TCA. The dissolved proteins were not compared because electrophoretograms of dissolved proteins were unsatisfactory without TCA precipitation (Tanoue 1995) . However, the results indicated that the electrophoretic patterns of dissolved proteins might not be biased by TCA precipitation.
An electrophoretogram
of sample 34-9 from the Antarctic Ocean was heavily stained by the silver-staining method (Fig. 4) but the bands were streaky. The electrophoretogram of the sample was also streaky after staining with CBB-R (Fig. 7) . This problem was due to particles that remained in the electrophoretic sample as a consequence of inadequate purification of the dissolved protein from the crude concentrate during precipitation with TCA (Tanoue 1995) . Bands visualized by staining with CBB-R were faint and the intensity of staining by CBB-R was directly related to the amounts of protein in the gel (e.g. Tanoue 1992), so it was evident that levels of major proteins in sample 34-9 were rather low as compared to those in other samples, such as 34-l,-2, and-4 (Fig. 7) .
Reduction of any disulfide bonds in the proteins was accomplished by heating with 2-mercaptoethanol.
To study the oligomeric form of dissolved proteins, we compared samples with and without the addition of 2-mercaptoethanol and heating (Fig. 6) . No difference was found in electrophoretograms of dissolved proteins with and without reduction. It should be noted that proteins with apparent molecular masses of 48, 44, 37, 3 1, 23, and 15 kDa found at station D'2 were also found in the surface waters at station A in the northern North Pacific and in the intermediate and deep waters at station C in the subtropical Pacific (Fig. 1) . In particular, the 48-and 37-kDa proteins were again visualized as major dissolved proteins, even though samples were collected from quite different oceanic regions.
Concentrations of Chl a in the Antarctic Ocean were relatively high but varied. In contrast, intensities of CBB-R and silver-stained bands of proteins in the same areas did not vary and were low. The number of stained bands of proteins was also small in each case. Depth profiles of dissolved proteins in the equatorial Pacific demonstrated that levels of dissolved proteins were not high in the euphotic layer, but high levels of dissolved proteins were present below the euphotic layer (Figs. 2 and 3) . The number of stained bands of proteins was also larger in the intermediate and deep waters than in the surface water. Quantitative estimation of dissolved protein concentration is not possible because recoveries of six standard proteins were rather low (33% in average) and small amounts of dissolved proteins might be lost during precipitation with TCA (Tanoue 1995) . However, levels of dissolved proteins, estimated from the relative intensities of bands after staining with silver as well as with CBB-R were not correlated directly with those of Chl a.
The dissolved proteins with apparent molecular masses
The overall electrophoretic pattern of dissolved proof 48 and 37 kDa we detected were also found in previous teins was similar among the different samples. For exstudies of the northern North Pacific and from the subample, 48-and 37-kDa proteins were common. However, tropical Pacific (Tanoue 1995; Tanoue et al. 1995) . The the occurrence of each protein and its relative abundance N-terminal amino acid sequences of the 48-kDa proteins differed from area to area and through the water column. Fig. 7 . Electrophoretograms of dissolved proteins in the surface water (samples 34-l to 34-9). Proteins on the gels were visualized by staining with CBB-R. Amounts ofsample loaded on the gel were equivalent to 4 liters of the original seawater in each lane. Each marker protein was loaded at 1 and 2 erg on gels A and B.
For example, the lOO-kDa proteins were clearly visible in samples from the intermediate water at stations D', and D, (Figs. 2 and 3) and from the surface water from 34-l 1 to 34-14 along the cruise track of JARE 34 (Fig.  4 ), but these proteins were insignificant in the surface water at station A (Fig. 6A ), intermediate and deep waters at station D', and the surface water from 34-l to 34-10 (Figs. 2 and 4) . Proteins with apparent molecular masses of 34 and 32 kDa were heavily stained in samples from surface water at station A (Fig. 6A ), although these proteins were insignificant in other samples. The 77-kDa proteins were only significant in the intermediate water at station C (Fig. 6B) and station D', (Fig. 2) . We have begun to understand the occurrences of discrete proteins, but their sources and dynamics are still unknown; such differences remain puzzling.
The 48-and 37-kDa proteins were major components of the dissolved protein in surface waters from a vast area that extended from the equator, through the Indian Ocean, to the Antarctic Ocean (Fig. 4) and at the deep stations in the subarctic, subtropical, and the equatorial Pacific (Figs. 2, 3, and 6 ). The 48. and 37.kDa proteins were always the major proteins throughout the water column from the surface to deep waters at stations in the northern North Pacific (Fig. 6A; Tanoue 1995) to the subtropical Pacific ( Fig. 6B ; Tanoue 1995; Tanoue et al. 1995) . The occurrence of the 48-and the 37.kDa proteins, as well as the general distribution of the proteins we detected by SDS-PAGE were consistent with those in the North Pacific. Therefore, we conclude that the specific proteins are present as major proteins in the dissolved phase in the Pacific, Indian, and Antarctic Oceans.
A homology search in the Protein Identification Resource International database (PIR-International, version 39.0) indicated that the 48.kDa protein is a homolog of a membrane protein, known as pain P, of the gramnegative bacterium Pseudomonas awuginosa (Tanoue et al. 1995) . No N-terminal amino acid sequence similar to that of the 37-kDa protein was retrieved from the database (Tanoue et al. 1995) . The 48-kDa protein we detected was not subjected to analysis of its N-terminal amino acid sequence. However, the electrophoretic patterns we found are similar to those of dissolved proteins in the Pacific; in these samples, the 48.kDa proteins were identical to each other and were homologs of pain P. Thus, the 48-kDa protein we observed is probably also a homolog of pain P. Porin P is a member of the poreforming channel proteins located in the outer membrane of gram-negative bacteria. These proteins are known collectively as pains. Porin P is an unique type of pain, because it is a phosphate-starvation-induced protein that facilitates the uptake of phosphate and polyphosphate (Hancock et al. 1982 (Hancock et al. , 1992 Hancock and Benz 1986; Poole and Hancock 1986) . Pomeroy et al. (1995) showed phosphate to be the primary limiting factor for bacterial production and microbial community respiration in the Gulf of Mexico. Other studies have also suggested that phosphorus is the principal limiting factor for bacterial production in the Sargasso Sea during summer (Ammerman et al. unpubl.; Comer et al. unpubl.) . Such findings are consistent with the occurrence of the porin P horn&g in the sea. Our observations suggest that a specific protein, derived from bacterial membranes, survives and accumulates in seawater worldwide.
Disullide bonds contribute greatly to the stabilization ofthe tertiary structure ofprotein with a complex subunit Notes structure (e.g. many enzymes). An extreme case is fibrous proteins (e.g. actin, myosin, and keratin in many organisms, flagellin in bacteria) that are highly crosslinked through disulfide bonds between polypeptide chains. This crosslinking contributes to the resistance to denaturation (Haschemeyer and Haschemeyer 1973) . SDS and TCA are strong denaturing reagents that destroy noncovalent interactions among proteins or between protein and nonproteinaceous DOM but they do not cleave the disulfide bond; a reducing reagent is required to cleave the disulfide bonds of proteins (e.g. Haschemeyer and Haschemeyer 1973; Andrew 1986 ). Electrophoretograms of samples of dissolved proteins with and without reduction with 2-mercaptoethanol and heating were identical (Fig. 6 ), indicating that 4%kDa protein and other major dissolved proteins did not interact with the disulfide bond to other proteins in situ. Thus, proteins whose subunits are aggregated by disulfide bridges are eliminated as a possible source of dissolved protein. Native porins in the bacterial membrane are present as trimers with noncovalent interaction; the major contribution to trimer formation is hydrophobic interaction (Cowan et al. 1992) . It is also known that porins are strongly but noncovalently associated with the lipopolysaccharide and with the underlying peptidoglycan (e.g. ). Thus, the results did not conflict with the conclusion that 48-kDa protein is similar to porin P.
Porins are known to be quite resistant to proteases (Lugtenberg and Alphen 1983; Cowan et al. 1992) and no proteolysis of the porin P is observed when intact bacteria are subjected to proteolysis (Worobec et al. 1988; Siehnel et al. 1990 ). Experiments of proteolytic digestion are essential to verify the resistance of dissolved proteins to proteases. However, Fig. 6 shows that dissolved proteins were denaturated, perhaps by addition of SDS and precipitation with TCA. Because dissolved proteins cannot be recovered without such procedures (Tanoue 1995) we need a new approach to extract dissolved proteins while maintaining the native form.
Particulate proteins in surface water are a mixture of the proteins from living biomass and from nonliving detritus. Two characteristic groups of particulate proteins in Pacific surface water were identified from vertical and meridional differences in their molecular distributions (Tanoue 1992 (Tanoue , 1996 . The first group was background proteins, directly derived from living organisms; these proteins caused smeared electrophoretograms.
The second group included a small number of specific proteins with a limited range of molecular masses. The present observations in the surface water along the cruise track (Figs. 1 and 5) were similar to previous ones in the Pacific. Particulate protein was made up of a large number of overlapping proteins with a wide range of molecular masses forming a background smear on gels (Fig. 5) . Proteins with apparent molecular masses of 66 and 45 kDa (members of the second group) were clearly visible in samples from F-1 to F-12 in the oligotrophic areas; these specific proteins were unclear in samples from F-l 5 to F-60 because of high levels of background proteins in the Southern Ocean where levels of Chl a were relatively high.
The 66-and 45-kDa proteins were evident in oligotrophic areas in the Pacific and the 66-kDa protein was verified to be true protein by the proteolytic digestion after SDS-PAGE (Tanoue 1992) . The 45-kDa protein extracted from multiple samples in the central Pacific was verified to be true protein and single species by N-terminal amino acid sequence analysis (Tanoue 1996) . Although proteolytic digestion and sequence analysis were not conducted, it is most likely that the 66-and 45-kDa proteins were the same as those found in the Pacific.
We might expect to find hundreds of thousands of different dissolved proteins in seawater because marine organisms, the most likely source, produce a huge variety of proteins. Indeed, PAGE patterns of particulate proteins demonstrated smeared electrophoretograms.
Even in the single species of bacterium, M. cummunis, the electrophoretogram of bulk proteins showed that many proteins overlapped with one another over a wide range of molecular masses (Fig. 5E) . However, the electrophoretograms of dissolved proteins were quite different from those of particulate proteins and of the cultured bacterium. The background proteins were not present at significant levels and a limited number of proteins were visualized as major bands in all samples, indicating that the major dissolved proteins were proteins that were not derived directly from living organisms. These proteins were truly part of the DOM pool. The lack of a relationship between the relative abundance of dissolved proteins and Chl a and the absence of background proteins on the electrophoretograms suggest that proteins produced by primary production were not transferred to the dissolved phase or were degraded very rapidly and that such proteins did not accumulate as major dissolved protein species in seawater. On the other hand, particulate proteins were a mixture of the easily degradable background proteins that were major and living components for the most part, and of the specific proteins that were minor and detrital components. Tanoue (1996) discussed the background proteins and specific particulate proteins in more detail. However, it is noteworthy that the 45-kDa protein in the particulate phase and the 48-kDa protein in the dissolved phase were different proteins because N-terminal amino acid sequences of the two proteins were different (Tanoue et al. 1995; Tanoue 1996) . Our observations are similar to previous findings from the Pacific and strongly support the following hypotheses: the dissolved proteins are not produced directly by primary production; a limited number of protein species make up the bulk of the dissolved protein pool; very specific proteins, namely bacterial membrane proteins, are transferred to the DOM pool (Tanoue 1995; Tanoue et al. 1995) ; the specific proteins also occur as minor components of particulate proteins. These proteins are clearly evident in oligotrophic regions and appeared not to be correlated directly to primary production (Tanoue 1996) . Such observations suggest that selected proteins from marine organisms are transferred to DOM and to detrital POM. These proteins accumulate because their structure inhibits degradation. Our study also suggests that similar processes operate to produce and degrade proteins in every ocean. tein P of Pseudomonas aeruginosa: Regulation by phosphate deficiency and formation of small anion-specific channels in lipid bilayer membrane. J. 
